ABSTRACT: Understanding the structural determinants of inhibitor selectivity would 18 facilitate the design and preparation of kinase probes. We describe a pair of matched 19 compounds differing only by one degree of saturation but showing dramatic differential 20 activities at select kinases. We utilized x-ray crystallography and computational analysis 21 to rationalize the basis of the differential activity. 22
INTRODUCTION 23
The human protein kinases are a family of over 500 enzymes that are involved in critical 24 aspects of cell signaling but are often dysregulated in disease, especially cancer [1] . 25
Protein kinases catalyze the transfer of phosphate from the cofactor ATP to their 26 substrate proteins. Although ATP-competitive protein kinase inhibitors have been 27 successfully developed to treat a range of cancers, inflammatory and fibrotic diseases, 28 the function of a large number of the enzymes remains unknown [2] . Potent and 29 selective small molecule inhibitors are powerful tools to probe the biology of these 30 understudied kinases [3] . 31
Because ATP-competitive inhibitors bind to a common active site, they often show 32 activity across multiple kinases. For example, staurosporine inhibits more than 200 33 protein kinases. These broad spectrum inhibitors are useful for initial biochemical 34 characterization but have little utility as probes of kinase biology [4] . By contrast, other 35 ATP-competitive inhibitors possess activity on only a handful of kinases. These narrow 36 spectrum inhibitors have found utility in exploring the function of several historically 37 understudied kinases [5] . 38
To strengthen the conclusions drawn from use of narrow spectrum kinase inhibitors, a 39 recently established best practice is to use the probe molecule in parallel with a 40 negative control, a closely-related analogue that is inactive for the target kinase [6] . 41
Demonstration of divergent results between the probe inhibitor and its negative control 42 increases confidence that the engagement of the target kinase was responsible for the 43 observed biology. 44
For ATP-competitive kinase inhibitors, a systematic approach to develop negative 45 control analogs is to synthesize a molecule that lacks the ability to form the critical hinge 46 binding interaction, typically composed of one or more hydrogen bonds with the highly 47 conserved hinge region in the enzyme [7] . These modifications result in "kinase dead" 48 analogues. Unfortunately, kinase dead analogues often lose affinity not only for the 49 primary target kinase but also for all other off-target kinases. New strategies to create 50 kinase probe negative controls that lose affinity selectively for their target kinase are 51 needed. 52
Here we describe a pair of compounds in which a minor structural change-namely, the 53 inclusion of a cyclopropyl versus an isopropyl substituent proximal to the hinge-binding 54 moiety-leads to unexpectedly large changes in activity within a small subset of protein 55 kinases but no change against many others. We used X-ray crystallography and 56 computational models to study the molecular basis for these differential effects on 57 affinity within the target and off-target kinases in an attempt to define general 58 approaches to design selective negative control analogs. 59
RESULTS

60
As part of a large-scale selectivity screen of ATP-mimetic kinase inhibitors, we identified 61 a pair of very closely related 3-acylaminoindazoles (1 and 2) that displayed a narrow 62 binding spectrum in the KINOMEscan panel of over 400 human protein kinase assays at 63 an inhibitor concentration of 1 µM (S1 Table) . Structurally, 1 and 2 differed only by the 64 addition of two hydrogen atoms in the change from a cyclopropyl to isopropyl 65 carboxamide. 1 and 2 had several common kinase targets but also showed some degree 66 of divergence in kinase affinity profiles. A more detailed analysis of their binding 67 characteristics revealed that 1 had submicromolar affinity for 11 kinases and weaker 68 affinity for 2 additional kinases (Table 1) , while 2 showed submicromolar affinity for 69 7/11 of the primary kinase targets and 1/2 of the minor targets. For most of these 70 kinases, only marginal differences in potency were observed between the analogs (<3-71 fold). However, four kinases (AAK1, BIKE, RIOK1, and RIOK3) displayed remarkable 72 differential affinity between the cyclopropyl analog 1 and isopropyl analog 2 with a 73 preference for the former (27-150-fold oncology, neurology, and ophthalmology [9] [10] [11] [12] . In contrast, relatively little is known 82 about the relevance to cellular processes of the atypical kinases RIOK1 and RIOK3. 83 Accordingly, to explore the molecular basis of the remarkable differential activities of 1 84 and 2, we decided to study their interaction with the NAK family kinases. 1 and 2 were 85 evaluated in FRET-based ligand binding displacement assays for all four NAK family 86 members [13] . The cyclopropyl analog 1 showed >300-fold higher affinity for AAK1 and 87 BIKE relative to the isopropyl analog 2 ( Table 2 ). Both compounds demonstrated weaker 88 affinity for GAK and STK16, although a >50-fold preference for 1 relative to 2 was 89 observed with the latter kinase. 90 characterization of all four NAK family member kinase domains, including BIKE and AAK1 103 [8] . As previously observed, our structure of BIKE displayed a catalytically-competent 104 conformation in which residues in the protein regulatory spine ("R spine"; residues M99, 105 Y111, H178 and F199) are aligned and side-chain atoms from conserved residues in β3 106 and α-C (K79 and E95, respectively) form an ion pair [14, 15] . Moreover, the NAK family-107 exclusive helical domain (P209 to Y224) found C-terminal of the activation segment 108 (from 198 DFG to APE 233 domains), dubbed ASCH (activation segment C-terminal helix) [8, 109 16, 17] , also displayed an identical conformation in the BIKE structure described here 110 (Figure 1a) . 111 The cocrystal structure of 1 and BIKE reveals that 3-acylaminoindazole 1 is anchored to 130 the protein hinge region (BIKE residues 131-137) via hydrogen bonds between the N 131 atoms of the indazole group and main chain carbonyl and NH groups of residues G131 132 and C133, respectively. An additional hydrogen bond is made between the amino group 133 of 1 and the carbonyl group of C133. At the other end of the inhibitor, the sulfonamide 134 group engages residues Q137 and N185 via hydrogen bonds. These interactions position 135 the pendant aliphatic group into a hydrophobic cavity within the P-loop formed by 136 residues V65 and S65. The indazole and the aniline rings are not coplanar to each other. 137
This flexibility provides excellent shape-complementarity between the inhibitor and the 138 ATP-binding pocket; especially with the aliphatic side chains from L187 and from p-loop 139 residues L57, A58 and V65. There is also a sulfur-π interaction between the aniline ring 140 and the sulfur atom of C197 (Figure 1b) . Residue C197 is adjacent to the protein DFG 141 motif and has been proposed as a site of covalent modification by the inhibitor (5Z)-7-142 oxozeaenol [8] . The cyclopropane group adjacent to the carboxyl group in 1 is 143 accommodated within a sharp turn of the peptide backbone involving residues 144 occupying positions +3, +4 and +5 from the so-called gatekeeper, or GK, residue (M130 145 in BIKE). This kink in the peptide backbone allows the carbonyl groups of residues GK+3 146 (C133) and GK+4 (R134) to point towards the cyclopropyl C-H group, approaching at a 147 distance of 3.6 and 3.3 Å, respectively (Figure 1b) . 148
We compared our BIKE-1 structure with published structures of DDR1 (PDB: 5FDP), 149 BRAF (PDB: 4XV9), AAK1 (PDB: 4WSQ), and RIOK1 (PDB: 4OTP) to attempt to rationalize 150 the structural basis differential activity of 1 and 2 on some but not all kinases. Surface 151 electrostatic potential is quite different for kinases that show differential activity 152 compared with those that do not. AAK1, BIKE, and RIOK1 have bland surface charge 153 where the critical cyclopropyl moiety of 1 is accommodated within the binding pocket. 154
In contrast, BRAF and DDR1 have highly charged surfaces around their 155 corresponding hinge binding regions. 156
Superimposing our BIKE-1 structure with the previously published structures from the 157 NAK family [8] by aligning the hinge residues (rmsd < 0.3 Å for 7 equivalent Cα) revealed 158 that the P-loop of STK16 and GAK are substantially displaced compared to the position 159 occupied by this region in BIKE and AAK1 structures (Figure 1d) . The extensive contacts 160 1 makes with the P-loop may explain its selectivity for BIKE and AAK1 over the other two 161 members of the NAK family. Interestingly, the primary sequence alignment of NAK 162 family members reveals that sequence conservation is high for the P-loop region and 163 low for the hinge moiety (Figure 1e) properties, electrostatic potential derived atomic charges using the B3LYP exchange-171 correlation energy functional [20] and the 6-31G** basis set [21] were obtained in the 172 gas phase. In this case, striking differences were observed for the C-H bond adjacent to 173 the carbonyl group; it was much more polarized for cyclopropyl than isopropyl (Figure  174 2), with no major differences for the adjacent amide. 175 Beyond defining potential enthalpic differences between cyclopropyl and isopropyl 178 substituents, we also investigated possible entropic differences between 1 and 2 for 179 selected kinases. The Glide docking application was used to predict binding poses in 180 each investigated kinase, and the components of entropy change (translational, 181 rotational, and vibrational) upon binding of 1 and 2 to the kinases were calculated using 182 the RRHO approximation ( Table 4) . Translational and rotational entropic losses were 183 essentially equivalent for 1 and 2 at any given kinase. However, the vibrational entropic 184 gain was higher for 1 with all kinases except p38α. Interestingly, upon binding, the 185 largest overall changes in entropy, or ∆(T∆S bind ), between 1 and 2 were observed for 186 AAK1 and BIKE. These two kinases displayed the two largest K d ratios. ∆(T∆S bind ) 187 between 1 and 2 was markedly lower for those kinases not displaying significant activity 188 cliffs. However, there are two exceptions to this observation, namely KIT and RIOK1. The 189 former displayed a significant ∆(T∆S bind ) between 1 and 2, although there is not a 190 significant difference in affinity. With RIOK1, the entropic difference between 1 and 2 191 was modest, despite a K d ratio 2:1 of 56 (Table 1) . 192 The term "activity cliff" has been proposed to describe pairs of structurally similar 196 compounds, like 1 and 2, with a large difference in potency relative to a common target 197 [22] . There have been other reports of kinase inhibitor activity cliffs involving 198 cyclopropyl and isopropyl carboxamides proximal to their hinge binding moiety (Table  199 5). The 2-cyclopropylcarboxamidopyridine 3a showed >100x higher affinity for TYK2 200 than the isopropyl analog 3b [23] . This effect is not limited to binding assays as 201 triazolopyrimidines 4 show >100x difference IC 50 value in a JAK1 biochemical activity 202 assay [24] . Similarly, 5a displayed a much higher inhibition potency than 5b in an 203 enzymatic activity assay of mutant B-Raf V600E activity [25] . These examples substantiate 204 our observations that subtle changes in structure can lead to selective inhibition of 205 specific protein kinases. To the best of our knowledge, 3-5 were not subjected to broad 206 kinome activity characterization, and the breadth of the associated activity cliffs has not 207 been evaluated. 208 The cyclopropyl ring is a versatile lipophilic group that frequently appears in preclinical 213 and clinical candidate molecules. It has been described to have "magical" properties 214 that can enhance potency, reduce off-target effects, increase metabolic stability and 215 brain permeability, yet the precise molecular basis for these effects remains poorly 216 understood [26] . Theoretical studies on cyclopropane and its derivatives suggest that 217 atomic bonding results mainly from the overlap of three sp 2 hybrids (one on each 218 carbon) pointing towards the center of the ring. Thus, the electron distribution in the C-219 as evidenced by the electrostatic potential charges, may explain why 1 shows 253 significantly higher affinity for AAK1 and BIKE than the isopropyl analog 2 but leaves 254 unanswered the question about why 1 and 2 are equipotent at other kinases. 255 This loss of freedom constitutes a loss of entropy, which disfavors binding. Given its 261 triangular nature and smaller size, the cyclopropyl group may vibrate more freely within 262 the protein, which favor binding when compared to the isopropyl group. Importantly, 263 depending on the protein environment and architecture, this effect can be more 264 pronounced. In our cocrystal structure of BIKE and 1, the cyclopropyl group of interest is 265 more solvent exposed. As such, this group is not as restricted by the binding site and 266
does not experience a significant loss in vibrational entropy, which may be driving the 267 activity cliff observed between 1 and 2. Kinases for which an activity cliff between 1 and 268 2 is not observed may have the cyclopropyl group less solvent exposed, leading to a 269 larger vibrational entropy loss. 270
We have suggested that differences in electrostatic potential or in vibrational entropy 271 changes may help to rationalize the activity cliffs between 1 and 2 in some kinases but 272 not in others. We recognize that there are myriad other subtle changes in the binding 273 pockets that must also be explored to enable prediction of which kinases can be 274 differentially inhibited by matched ligand pairs like 1 and 2. Our enhanced 275 understanding of the differential interactions of 1 and 2 within the binding pockets of 276 AAK1, BIKE, and other kinases will improve our ability to produce narrow spectrum 277 probes with optimal negative control analogs for use in biological studies. N-(6-(3-(cyclopropanesulfonamido)phenyl)-1H-indazol-3-yl) isobutyramide (2).
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